Development and optimization of pH-responsive PLGA-chitosan nanoparticles for triggered release of antimicrobials by Pola, Cicero C. et al.
Masthead Logo
Mechanical Engineering Publications Mechanical Engineering
10-15-2019
Development and optimization of pH-responsive
PLGA-chitosan nanoparticles for triggered release
of antimicrobials
Cicero C. Pola
Iowa State University and Federal University of Viçosa, cicerocp@iastate.edu
Allan R.F. Moraes




Federal University of Viçosa
Nilda F.F. Soares
Texas A&M University
See next page for additional authors
Follow this and additional works at: https://lib.dr.iastate.edu/me_pubs
Part of the Biomechanical Engineering Commons, Food Biotechnology Commons, Food
Processing Commons, and the Nanoscience and Nanotechnology Commons
The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
me_pubs/357. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Mechanical Engineering at Iowa State University Digital Repository. It has been accepted
for inclusion in Mechanical Engineering Publications by an authorized administrator of Iowa State University Digital Repository. For more
information, please contact digirep@iastate.edu.
Development and optimization of pH-responsive PLGA-chitosan
nanoparticles for triggered release of antimicrobials
Abstract
The aim of this work was to develop and optimize a pH-responsive nanoparticle based on poly(D,L-lactide-
co-glycolide) (PLGA) and chitosan (CHIT) for delivery of natural antimicrobial using trans-cinnamaldehyde
(TCIN) as a model compound. The optimization was performed using a central composite design and the
desirability function approach. The optimized levels of variables considering all significant responses were 4%
(w/w) of TCIN and 6.75% (w/w) of CHIT. After, optimized nanoparticles were produced and characterized
according to their physicochemical properties and their antimicrobial activity against
SalmonellaTyphimurium and Staphylococcus aureus. Optimized nanoparticles characterization indicated a
satisfactory TCIN encapsulation (33.20 ± 0.85%), spherical shape, pH-responsive controlled release, with
faster release in the presence of CHIT at low pH, and enhanced antimicrobial activity against both pathogens.
TCIN encapsulation using PLGA coated with CHIT enhanced its antimicrobial activity and generated a
delivery system with pH-sensitivity for controlled release with promising properties for food safety
applications.
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The aim of this work was to develop and optimize a pH-responsive 
nanoparticle based on poly(D,L-lactide-co-glycolide) (PLGA) and chitosan (CHIT) 
for delivery of natural antimicrobial using trans-cinnamaldehyde (TCIN) as a model 
compound. The optimization was performed using a central composite design and 
the desirability function approach. The optimized levels of variables considering all 
significant responses were 4% (w/w) of TCIN and 6.75% (w/w) of CHIT. After, 
optimized nanoparticles were produced and characterized according to their 
physicochemical properties and their antimicrobial activity against Salmonella 
Typhimurium and Staphylococcus aureus. Optimized nanoparticles 
characterization indicated a satisfactory TCIN encapsulation (33.20 ± 0.85%), 
spherical shape, pH-responsive controlled release, with faster release in the 
presence of CHIT at low pH, and enhanced antimicrobial activity against both 
pathogens. TCIN encapsulation using PLGA coated with CHIT enhanced its 
antimicrobial activity and generated a delivery system with pH-sensitivity for 
controlled release with promising properties for food safety applications.
Keywords: PLGA-chitosan nanoparticles, encapsulation, pH-sensitive release, 




Consumers demand for “clean label”, more natural ingredients, and less 
processed food products has expanded rapidly out of concerns over potential 
adverse effects of the traditional synthetic preservatives. Consequently, the food 
industry has been compelled to search for new alternatives to food preservation. 
Essential oils are among the main potential food preservatives from natural 
sources studied and applied nowadays (Ribeiro-Santos, Andrade, Melo, & 
Sanches-Silva, 2017). Essential oils are complex aromatic compounds that can be 
extracted from numerous plant species, such as cinnamon, oregano, clove, and 
lemongrass, where they are synthesized as secondary metabolites. Essential oils 
and their major components have been vastly studied due to their antimicrobial 
properties against a broad spectrum of foodborne pathogens, including Salmonella 
enterica, Listeria monocytogenes, Bacillus cereus, and Escherichia coli (Dussault, 
Vu, & Lacroix, 2014; Hill, Taylor, & Gomes, 2013; Moghimi, Aliahmadi, & Rafati, 
2017), even when applied in low concentrations. Other advantages include their 
pleasant flavours, which are easily compatible with different types of foods, when 
applied in suitable concentrations, and they also have GRAS status (Generally 
Recognized as Safe) as food additives according to FDA 21 CRF part 172.515 
(CFR, 2016). However, in some cases, essential oils’ low water solubility, high 
volatility, and susceptibility to light, heat, and oxygen degradation, in addition to the 
possibility of sensory changes, are drawbacks that limit their application in food 
products (Gomes, Moreira, & Castell-Perez, 2011).
Encapsulation stands out as a means of overcoming these hurdles. Hence, 
different types of synthetic and natural polymers have been applied to produce 
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particles designed for drug delivery (Simões, Madalena, Pinheiro, Teixeira, 
Vicente, & Ramos, 2017). Polymeric particles for delivery systems consist of a 
shell formed by the polymer chain, surrounding the entrapped core containing the 
bioactive compound, enhancing the stability of the latter (Borel & Sabliov, 2014). 
Among the polymers that can be used to produce delivery particles, poly(D,L-
lactide-co-glycolide) (PLGA) is one of the most extensively studied and 
successfully applied biopolymer for bioactive compound encapsulation. This 
polymer is widely applied by the pharmaceutical industry to protect, and improve 
the delivery and uptake of active ingredients, including in intravenous drugs 
(Danhier, Ansorena, Silva, Coco, Le Breton, & Préat, 2012; Stevanovic & 
Uskokovic, 2009). Consequently, the eventual approval of PLGA in food products 
can be considered a matter of time. The high interest in PLGA as a base polymer 
to produce particles for delivery systems is due not only to its biodegradability, 
biocompatibility and nontoxicity, but also to its great capacity to encapsulate a vast 
diversity of hydrophobic molecules, as well as release them in a controlled fashion 
(Pereira, Hill, Zambiazi, Mertens-Talcott, Talcott, & Gomes, 2015; Stevanovic & 
Uskokovic, 2009). Furthermore, the release mechanism is mainly driven by 
diffusion, promoted by the chemical potential difference between the core of the 
particle and the surrounding environment (i.e., diffusion through pores and 
polymer, and osmotic pumping), and also by polymer degradation (Fredenberg, 
Wahlgren, Reslow, & Axelsson, 2011). Once in suspension, PLGA is degraded by 
hydrolysis, releasing not only the encapsulated compound, but also both lactic acid 
and glycolic acid monomers as by-products. These are endogenous and easily 
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metabolized via the Krebs cycle, being safe for drug delivery and biomaterial 
applications (Danhier et al., 2012).
Another polymer that is highly applied for encapsulation of bioactive 
compounds is chitosan (CHIT). CHIT is obtained by the deacetylation of chitin, a 
polysaccharide presents in crustacean shells and fungi (Zou et al., 2016). CHIT is 
also known by its biodegradability, biocompatibility, non-toxicity, and antimicrobial 
effect. Moreover, its cationic characteristic, which arises from the protonation of 
amino groups, attributes to CHIT unique functional properties, including 
antimicrobial effect, pH-responsive properties, and bacterial cell-binding affinity. 
Therefore, the incorporation of polyelectrolytes, such as CHIT, onto a PLGA 
surface can enhance its stability, cellular uptake, targeting capabilities, and drug 
release regulation through CHIT pH-triggered ability (Huang, Tsui, Tang, Yang, & 
Gu, 2017).
Few studies have reported the use of PLGA particles covered with CHIT to 
encapsulate biologically active molecules, almost all of them being focused on the 
delivery of pharmaceutical drugs to humans (Alqahtani et al., 2015; Huang et al. 
2017; Taghavi, Ramezani, Alibolandi, Abnous, & Taghdisi, 2017). In addition, the 
application of experimental designs to reach the optimal composition to achieve the 
best performance of antimicrobial particles for controlled delivery are unavailable. 
As far as we know, this is the first work using PLGA particles covered with CHIT 
(PLGA/CHIT) to encapsulate antimicrobial compounds for food applications. 
Hence, the aim of this work was to optimize the composition of PLGA based 
nanoparticles covered with CHIT to encapsulate a model natural antimicrobial, 
trans-cinnamaldehyde (3-phenyl-2-propenal; TCIN), based on entrapment 
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efficiency (EE), particle size, polydispersity index (PDI) and zeta potential using a 
central composite design and desirability function approach. Furthermore, we 
characterized the optimized PLGA/CHIT nanoparticles physicochemical properties 
and their antimicrobial efficacy against foodborne pathogens. We also investigated 
the hypothesis that the optimized PLGA/CHIT nanoparticles were able to release 
TCIN by a pH-trigger mechanism via controlled release studies.
2. Materials and methods
2.1.Materials
PLGA, with a copolymer ratio of D,L- lactide to glycolide of 65:35 (Mw 40 – 
70 kDa), trans-cinnamaldehyde (TCIN, 99%), poly(vinyl alcohol) (PVOH, Mw 30 – 
50 kDa), and low molecular weight chitosan (CHIT, Mw 50– 190 kDa) were 
purchased from Sigma-Aldrich Co. (St. Louis. MO., USA). D(+)-trehalose dehydrate 
(98%) was obtained from EMD Chemicals (Philadelphia, PA, USA). 
Dichloromethane (99.8%) was purchased from EMD Millipore (Billerica, MA, USA).
2.2.Synthesis of PLGA/chitosan nanoparticles incorporated with trans-
cinnamaldehyde (PLGA/TCIN/CHIT)
PLGA/TCIN/CHIT nanoparticles were synthesized by an emulsion-
evaporation method (Gomes et al., 2011) as presented in the Supplemental 
Section – Figure S1. Initially, 50 mg of PLGA and different concentrations of TCIN 
(Table 1) were dissolved in 2 ml of dichloromethane (organic phase). The aqueous 
phase (20 ml) was prepared with 0.5% (wt.) PVOH in water. The organic phase 
was added dropwise to the aqueous phase under homogenization (2 min at 13000 
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rpm) using an Ultra-Turrax T25 basic Ika (Works, Inc., Wilmington, NC, USA) 
forming an oil-in-water (o/w) emulsion. Next, the o/w emulsion was sonicated in an 
ice bath for 7.5 min at 100 W using a probe-sonicator (ø = 1.85 mm) Misonix 
XL2015 (Misonix Inc., Farmingdale, NY, USA). Then, dichloromethane was 
evaporated under vacuum (6.69 kPa) for 20 min in a rotaevaporator Heidolph 
Laborota 4000/4001 efficient (Heidolph Instruments GmbH & Co., Schwabach, 
Germany) at 25 °C. Once synthesized, PLGA/TCIN nanoparticles were purified by 
ultrafiltration using a Millipore Labscale™ TFF system fitted with a 50 kDa 
molecular weight cutoff Pellicon XL-Millipore (Millipore Co., Kankakee, IL, USA) to 
remove excess PVOH and non-encapsulated TCIN. Nanoparticles were 
ultrafiltered with 200 ml of nanopure water, being 50 ml of the retentate collected. 
Inlet and outlet pressures in the system were 172.4 and 68.9 kPa, respectively. 
Following the ultrafiltration, 5 ml of CHIT solution (pH 4.0) with different 
concentrations (Table 1) were added to the PLGA/TCIN particle solution and mixed 
(300 rpm) at room temperature for 15 min. Then, D(+)-trehalose was added to the 
particle suspension as a cryoprotectant at a 1:1 ratio relative to PLGA. Finally, 
nanoparticles were kept at -80 °C overnight and freeze-dried at -50 °C and -12 Pa 
for 48 h in a Labconco FreeZone 6 unit (Labconco, Kansas City, MO, USA). Dried 
nanoparticles were collected and stored in a desiccator at -20 °C until needed for 
analysis.
2.3.Optimization design and desirability function
PLGA/TCIN/CHIT nanoparticles were produced according to a central 
composite design (CCD), with two independent variables, i.e., TCIN and CHIT 
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(Table 1). The statistical model representing the influence of TCIN and CHIT on the 
size and entrapment efficiency of the PLGA/CHIT nanoparticles was developed 
and validated using analysis of variance (ANOVA).
The desirability function (Derringer & Suich, 1980) was applied to optimize 
the response variables simultaneously. This function was used to transform each 
estimated response variable, calculated by the fitted response surface associated 



































where yi min and yi max are the minimum and maximum acceptable value of ŷi, 
respectively. The values of di vary in the interval 0 ≤ di ≤ 1, increasing as the 
desirability of the corresponding response increases. The individual desirability 
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The overall desirability was analyzed using a univariate search technique to 
optimize D over the independent variable domain, which resulted in the desirability 
of the combined responses levels.
2.4.Entrapment efficiency (EE)
PLGA/TCIN/CHIT nanoparticles were dispersed in 95% (w/v) acetonitrile, 
sonicated for 1 min at 100 W of power, then left in suspension for 72 h at 400 rpm 
at room temperature. The suspensions were passed through 0.2 µm polypropylene 
syringe filter (VWR Intl., Radnor, PA, USA) to remove undissolved PLGA, CHIT, 
and PVOH. The TCIN amount was measured spectrophotometrically (Genesys 
10S UV-Vis, Thermo Scientific, Madison, WI, USA) at 280 nm in a 1-cm-path 
length quartz cuvette. The EE was calculated according to Eq. 3.
(3)100
entrappedcompoundactiveofamount  (%) 
amountcompoundactiveinitial
EE
2.5.Particle size and zeta potential
Particle size, polydispersity index (PDI), and zeta potential were analyzed 
using a ZetaSizer Nano ZS90 (Malvern Instruments Inc., Worcestershire, UK) at 25 
°C with a 633-nm laser and measurement angle of 90°. The particle size 
measurement was carried out using a dispersant at pH 4.0 (acetate buffered 
saline, ABS), which was chosen to simulate an acidic environment where the CHIT 
chains would be swollen, and the values were used to run the particle optimization. 
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After the optimization procedure, the observed optimized conditions were applied 
to synthesize the optimized PLGA nanoparticles, as described next.
2.6.Synthesis and characterization of the optimized nanoparticles
The optimized nanoparticles were produced following the same procedure 
described in section 2.2. Four formulations were synthesized (Table 2): (F1) 
unloaded PLGA nanoparticles; (F2) PLGA/TCIN at the optimized level; (F3) 
PLGA/CHIT at the optimized level; and (F4) PLGA/TCIN/CHIT at the optimized 
level. The optimized PLGA nanoparticles were characterized according to their 
size, PDI and zeta potential, as described in section 2.5. Furthermore, the 
optimized PLGA nanoparticles were dispersed not only at pH 4.0 (ABS buffer) but 
also at pH 6.5 (phosphate buffered saline, PBS). The EE of the optimized PLGA 
nanoparticles was also evaluated, as described in section 2.4. Further 
characterization was carried out, as described below.
2.6.1. Morphology
The morphology of the optimized PLGA nanoparticles was analyzed using a 
FEI Morgagni Transmission Electron Microscope (TEM) (FEI Co., Hillsboro, OR, 
USA) at 80 kV. A droplet of the particle suspension (pH 4.0) was deposited over a 
300-mesh copper grid and stained with 2% (wt.) uranyl acetate solution. TEM 
analyses were performed at the School of Veterinary Medicine and Biomedical 
Sciences, Texas A&M University (College Station, TX, USA).
2.6.2. Differential scanning calorimetry (DSC)
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A DSC Pyris 6 (Perkin Elmer Inc., Waltham, MA, USA) was used for 
calorimetric analysis. Nanoparticle samples (approximately 2 mg) were weighed 
into aluminium pans and sealed. Each sample was heated from 25 to 70 °C, kept 
at 70 °C for 1 min, and heated to 350 °C at a heating rate of 10 °C·min-1 under a 
nitrogen atmosphere.
2.6.3. Attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR)
ATR-FTIR analysis was carried out on an IRPrestige-21 (Shimadzu Thermo 
Fisher Scientific Inc., Waltham, MA, USA) equipped with a germanium crystal ATR 
accessory. Spectra of the freeze-dried nanoparticles were obtained at a resolution 
of 4 cm-1 with wavelengths ranging from 4000 to 650 cm-1. Sixteen scans were 
performed for each spectrum.
2.6.4. Trans-cinnamaldehyde (TCIN) release profile
TCIN release from PLGA nanoparticles was studied by suspending them in 
two different media, namely PBS (pH 6.5) and ABS (pH 4.0) at a concentration of 
1.0 mg·ml-1 (sink conditions). Samples were divided into 1.0-ml aliquots in 
Eppendorf tubes and transferred to a shaking water bath (VWR International, 
Radnor, PA) at 100 rpm and 35 °C, from which samples were withdrawn and 
analyzed for TCIN content. Time intervals consisted of 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 
8, 12, 24, 48, and 72 h. At each time interval, a sample was filtered using 0.2-µm 





Minimum inhibitory concentrations (MIC) of the optimized PLGA 
nanoparticles and free TCIN were determined using a broth microdilution assay 
(CLSI, 2012). Staphylococcus aureus (ATCC 25923) and Salmonella enterica 
serovar Typhimurium (ATCC 29946) were incubated for 24 h and then prepared by 
serial dilution in double-strength TSB, for initial inoculum of approximately 4.0 log10 
CFU·ml-1 in each sample cuvette. The MIC experiments were conducted in 96-well 
microtiter plates (sterilized 300 µl capacity – MicroWell, NUNC, Thermo-Fisher 
Scientific, Waltham, MA., USA). Free TCIN and the optimized PLGA/CHIT 
nanoparticles were added to the microtiter plates as aqueous suspensions with 
concentrations ranging from 32 to 8192 µg·ml-1. Equivalent volumes (100 µl) of the 
suspension and sterilized double-strength TSB, as well as 10 µl of the bacterial 
inoculum, were loaded in each test well.
Positive controls were prepared containing inoculum and sterile distilled 
water and ethanol (2.5%, v/v) at test concentrations to guarantee that solvents and 
additives had no effect on OD630 (Optical Density at 630 nm) measurements or 
antimicrobial activity. Negative controls were also prepared with antimicrobial 
solutions and sterile 2x broth to ensure they were not contaminated. Once 
microtiter plates with the suspensions and bacteria were prepared, they were 
covered with a Mylar plate sealer (Thermo Fisher Scientific, Rochester, NY, USA), 
shaken gently, and OD630 of the wells was read (0 h). Then, the microtiter plates 
were incubated at 35 °C and after 24 h another OD630 was measured. Any 
antimicrobial test microtiter plate that showed ≤ 0.05 change in OD630 were 
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considered inhibited by the antimicrobial. The MIC was the lowest antimicrobial 
concentration that inhibited the growth for all tested replicates. All microtiter plates 
that showed inhibition of the test microorganism were then tested for bactericidal 
capability by spreading 0.1 ml from each well showing inhibition into TSA plates 
and incubating for 24 h at 35 °C. If no colonies were observed on the plate 
surfaces following incubation, the treatment concentration was considered 
bactericidal. The lowest concentration of antimicrobial demonstrating bactericidal 
activity across all replicates was considered the minimal bactericidal concentration 
(MBC) (Hill et al., 2013).
2.7.Statistical analysis
For all analyses of this study (except CCD), determinations were made in 
triplicate as independent experiments. Differences among variables were tested for 
significance using one-way ANOVA and significantly different means (p < 0.05) 
were separated using Tukey’s Honest Significant Differences (HSD) test. All 
statistical analyses were performed using Statistica 13.0 software (TIBCO Software 
Inc., Palo Alto, CA, USA).
3. Results and discussion
3.1.Optimization of PLGA/TCIN/CHIT size and EE
The results of PLGA/TCIN/CHIT nanoparticles characterization for each 
response variable according to the corresponding combination of the dependent 
variables levels (Table 1) were used to run the CCD analysis. Regression models 
of dependent variables EE and size presented statistical significance among the 
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produced PLGA nanoparticles with non-significant lack of fit for the quadratic 
model developed (Table S1).
Table 1.
Results from CCD analysis show that the linear regression coefficient of 
TCIN was negative for EE response (-3.89), indicating that lower concentrations of 
this compound in the organic phase increased the EE of PLGA nanoparticles 
(Table S1 and Figure 1a). Moreover, the significant positive linear regression 
coefficient of CHIT (3.99) indicates that the EE increases with the increase of CHIT 
concentration. The significant quadratic coefficient of CHIT (-4.27) indicates the 
existence of curvature in the response surface. Therefore, increasing CHIT 
concentration also increases the EE of PLGA nanoparticles, reaching a maximum 
point, from which the EE decreases quadratically, as observed in Fig. 1 (a). It is 
possible that during the emulsification along with higher TCIN concentrations, the 
interaction between TCIN and PLGA saturated, and the remaining portion of TCIN 
started to interact with the PVOH present in the aqueous phase, enhancing TCIN’s 
water solubility and decreasing the EE (Silva, Hill, Figueiredo, & Gomes, 2014).
Figure 1.
For PLGA particle size, the linear regression coefficient of TCIN was 
positive (102.28), indicating that higher concentrations of this antimicrobial resulted 
in larger nanoparticles (Fig. 1b). According to Gomes et al. (2011), the presence of 
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TCIN may increase the viscosity of the organic phase, making the dispersion in the 
aqueous phase more difficult, resulting in larger particles. In addition to the 
homogenization process, the higher the TCIN concentration in the organic solution, 
the higher is its tendency to coalesce, resulting in larger central cores to be 
encapsulated, and consequently increasing particle size.
Changes on CHIT concentration within the tested range did not present 
significant effect over PLGA particle sizes. Nevertheless, the quadratic regression 
coefficient of CHIT was significant and negative (-73.87), which shows a slight 
curvature in the response of PLGA particle size. Therefore, this curvature indicates 
that the increase in CHIT concentration tends to reach a maximum point for particle 
size response (Fig. 1b). Interestingly, CHIT did not affect the size of 
PLGA/TCIN/CHIT nanoparticles. Usually, the addition of CHIT to PLGA 
nanoparticles increases the diameter due to the formation of an external layer by 
ionic interactions, as reported by Trif et al. (2015). However, it is believed that 
CHIT, PLGA, and PVOH molecules may have interacted strongly enough to 
compact the PLGA layer, not only avoiding significant size changes but also 
increasing the protection and isolation of the TCIN core, consequently increasing 
the EE.
The PDI and zeta potential of PLGA/TCIN/CHIT nanoparticles produced 
based on CCD did not significantly change with CHIT and TCIN concentration 
(Table S1). PDI and zeta potential mean values of PLGA nanoparticles (0.19 ± 
0.03 and 27.09 ± 5.81 mV, respectively) and unloaded (without TCIN and CHIT) 
PLGA nanoparticles (0.11 ± 0.01 and -6.71 ± 0.30 mV, respectively), were 
compared by t-test and showed to be significantly different (p = 0.00). The higher 
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PDI values (>0.1) presented by PLGA/CHIT/TCIN nanoparticles could be related to 
the different amounts of CHIT attached to the surface of the PLGA particle, 
resulting in wide variability in particles size. Similar PDI values (0.192) were 
reported by Alqahtani et al. (2015) for PLGA/CHIT nanoparticles with the 
tocotrienol-rich fraction of α-tocopherol.
The positive zeta potential presented by the PLGA/TCIN/CHIT nanoparticles 
at pH 4.0 is related to the protonated amino groups of CHIT in acidic environments. 
Khanal, Adhikari, Rijal, Bhattarai, Sankar, and Bhattarai (2016) reported similar 
zeta potential (27 ± 0.6 mV) for PLGA/diclofenac sodium particles covered with 
CHIT. On the other hand, unloaded PLGA particles showed a slightly negative zeta 
potential. According to Taghavi et al. (2017) and Zigoneanu, Astete, and Sabliov 
(2008), the negative charge is related to the presence of carboxyl groups on PLGA 
particle surface, as well as the presence of PVOH in the interface.
The simultaneous optimization of EE and size using desirability function was 
performed to achieve small PLGA nanoparticles with high EE. Other responses 
(PDI and zeta potential) were not considered in this analysis since they presented 
no statistical significance (p > 0.05, Table S1) according to the Response Surface 
Methodology (RSM). The simultaneous optimization demonstrated that an 
optimized PLGA particle with the desired characteristics can be obtained using 4% 
(wt.) of TCIN and 6.75% (wt.) of CHIT (Fig. 1c, Fig. S2). Next, physicochemical 
properties were investigated for four nanoparticle formulations.
3.2.Characterization of the optimized nanoparticle
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In order to evaluate the properties of the optimized particles, a comparative 
study was carried out using four PLGA particle formulations: unloaded PLGA 
nanoparticles (F1); PLGA with 4% (wt.) of TCIN (F2); PLGA with 6.75% (wt.) of 
CHIT (F3); and the optimized nanoparticle, i.e., PLGA with 4% (wt.) of TCIN and 
6.75% (wt.) of CHIT (F4).
Table 2 summarizes the characterization results, with F2 particles showing 
significantly higher EE than F4. As discussed previously, it is possible that for F4 
particle the interactions of CHIT, PVOH, and PLGA generate a more compact 
structure, consequently decreasing the internal core space for TCIN placement, 
when compared to F2 particles. It has been reported that the EE is dependent on 
the synthesis method, surfactant applied, the hydrophobicity of the entrapped 
compounds, molecular weight, and steric conformation, among others (Astete & 
Sabliov, 2006; Silva et al., 2014). Furthermore, the EE results are higher than that 
reported by Iannitelli et al. (2011), who evaluated the encapsulation of carvacrol 
(the major component of oregano essential oil) in PLGA nanoparticles and found 
EE of 26%. Hill et al. (2013) reported 38.9% of EE for cinnamon bark extract/PLGA 
nanoparticles, which are close to those reported in the present study.
Table 2.
Similarly, to the previous size analyses, the presence of TCIN (F2) 
increased (p = 0.00) particle size compared to unloaded PLGA nanoparticles (F1). 
Furthermore, in the presence of CHIT (F3 and F4) PLGA nanoparticles presented 
higher diameters regardless of the pH. This result is related to the formation of a 
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new layer onto the particle surface by ionic interaction between both polymers. Trif 
et al. (2015) reported an increase of 1.7 times in the PLGA particle diameter after 
the deposition of CHIT layer (204 ± 21 nm), compared to the original PLGA particle 
(120 ± 7 nm). Similarly, F2 and F4 nanoparticles were larger (p = 0.00) at pH 4.0 
than at pH 6.5. CHI is a pH-sensitive polymer and its solubility is reduced at pH 
6.5, due to the proximity to its point of zero charge (its net electrical charge is 
reduced); consequently, polymer chains are collapsed (i.e., reduced chain size), 
which results in a decrease in particle size. The opposite is observed at pH 4.0 
when CHIT polymer chains are extended due to osmotic swelling.
The PDI did not show significant difference (p = 0.07) among optimized 
PLGA nanoparticles at pH 4.0 (Table 2). The PDI values presented by the 
nanoparticles were close to 0.1, indicating small size variability (Zigoneanu et al., 
2008). Conversely, at pH 6.5, F3 nanoparticles presented higher (p = 0.01) size 
variability, which can be explained by the reduced positive charges on the particle 
surface, consequently, decreasing the repulsive forces, and increasing particle 
agglomeration (Jalali et al., 2016).
The zeta potential values of PLGA nanoparticles were significantly different 
(p = 0.00) due to the presence of the CHIT layer (Table 2). The presence of CHIT 
in F3 and F4 nanoparticles increased the zeta potential of PLGA nanoparticles 
toward positive values at pH 4.0 (pH-stimulated osmotic swelling). Meanwhile, zeta 
potentials were slightly negative for CHIT-free F1 and F2 PLGA nanoparticles. F3 
and F4 nanoparticles presented zeta potential values close to zero at pH 6.5, 
which was also expected since this pH is close to the CHIT’s point of zero charge 
(Long et al., 2016).
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TEM images (Fig. 2a) were in accordance with size and PDI results, 
showing high variability in particle size. Also, all PLGA nanoparticles presented a 
spherical shape with a smooth surface, similar to previous studies (Alqahtani et al., 
2015; Hill, Taylor, & Gomes, 2013). According to Zigoneanu et al. (2008), the dark 
perimeter on the edge of the PLGA nanoparticles is attributed to PVOH, the 
surfactant used during PLGA nanoparticles production. PVOH interacts with the 
hydrophobic regions of the particle increasing its dispersibility in hydrophilic 
environments. In the presence of CHIT (F3 and F4), nanoparticles presented two 
distinct phases, with a darker outer layer and lighter spherical core. It is believed 
that the internal core consists mainly of PLGA (F3) and PLGA/TCIN (F4), whereas 
the external layer is related to PVOH and CHIT (thicker outer layer), indicating that 
the PLGA nanoparticles containing TCIN covered with CHIT were successfully 
produced.
Figure 2.
TCIN encapsulation into PLGA nanoparticles was confirmed by differential 
scanning calorimetry (Fig. 2b). This technique can be applied as an indirect 
confirmation of TCIN encapsulation in the PLGA matrix since, when the active 
compound is not completely encapsulated, its peaks can be observed on the 
particles’ thermograms (Oliveira, Angonese, Ferreira, & Gomes, 2017). A narrow 
endothermic peak was observed in the free TCIN thermogram at approximately 
275 °C (Fig. 2b), which is related to TCIN boiling point (Hill et al., 2013). The TCIN 
peak was not observed in the thermograms of the PLGA nanoparticles, where it 
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was added (F2 and F4). It is believed that the endothermic peaks on F1 (194 ºC) 
and F2 (211 ºC) thermograms are related to PVOH melting point around 200 ºC, as 
reported by Sudhamani, Prasad, and Udaya Sankar (2003). These peaks 
corroborate with the TEM results, indicating that PVOH is in the particle interface. 
Furthermore, the higher temperature of this event on F2 thermogram may be 
related to the presence of TCIN, which increases the particle core hydrophobicity, 
and consequently, the intensity of the interaction between the hydrophobic portions 
of PVOH and PLGA/TCIN molecules (Astete, Dolliver, Whaley, Khachatryan, & 
Sabliov, 2011; Hill et al., 2013).
The peak assigned to CHIT’s melting point (181 ºC) was observed in both 
F3 and F4 thermograms (174 and 175 ºC, respectively), while the PVOH peak was 
absent, indicating that CHIT was successfully attached to the particle surface. The 
peak temperature for pure CHIT (181 ºC) was higher than that for the nanoparticles 
containing CHIT in their surface, indicating that more energy is necessary to 
promote the melting of pure CHIT, since the original intermolecular structural 
interactions have changed. With the pure CHIT, under dry conditions, the chains 
are more organized, packed and, as a consequence, stable (Kittur, Harish 
Prashanth, Udaya Sankar, & Tharanathan, 2002).
The ATR-FTIR spectra of the nanoparticles are shown in Fig. 2c. The 
spectra for all PLGA particles showed an absorption band at 3600–3050 cm-1 
related to hydroxyl stretching, which is attributed to intermolecular and 
intramolecular H-bonding interactions among the chemical components of the 
nanoparticles (Huang et al., 2017). In the F4 particle, a broadening of the hydroxyl 
stretching band was observed, indicating weaker covalent O-H bonds due to the 
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increase of the intermolecular hydrogen bonds between PLGA and the other 
compounds, resulting in a more interconnected structure (Moraes et al., 2017). All 
formulations exhibited a peak at 2936 cm-1 attributed to the symmetric vibrational 
stretching of C-H bonds of CH3 groups of PLGA (Huang et al., 2017). This peak 
was higher in F3 spectrum because of the C-H of the CHIT (Ignjatović, Wu, 
Ajduković, Mihajilov-Krstev, Uskoković, & Uskoković, 2016).
The intense peak at 1760 cm-1, which is present in all formulations, is 
attributed to the vibrational stretching of carbonyl groups (C=O) from PLGA esters 
(Huang et al., 2017). Some peaks showed higher intensity depending on the 
formulation, due to a total overlap of several compounds’ absorption (Li, Kong, & 
Wu, 2013). This is evident in F3 spectrum, wherein the peak at 1760 cm-1 showed 
higher intensity due to the overlapping of the N-H vibrations of the primary amine 
from CHIT (Ignjatović et al., 2016), in addition to C=O vibration of PLGA, as 
described before. Similarly, this peak intensity was higher in the F2 spectrum, 
which can be related to the C=C vibration overlapping of the benzene ring from 
TCIN (Li et al., 2013).
F3 and F4 spectra presented absorption peaks at ~1572 and ~1420 cm-1. 
The first is assigned to the N-H vibrational bending of the secondary amine, while 
the second is assigned to C-N vibrational bending out-of-plane, both from CHIT 
(Klein et al., 2016). The small peak at 1380 cm-1 in F3 spectrum refers to the CHIT 
tertiary amine band (Ignjatović et al., 2016). Other peaks with different intensities 
were also observed in the fingerprint region (~1300 – 900 cm-1) of PLGA 
nanoparticle spectra. The most important peaks in this region were located at 1092 
cm-1, which is related to the vibrational stretching of C-O bonds from aliphatic 
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polyesters, and at 1048 cm-1, related to the C-O-C bonds vibrational bending also 
present in the PLGA molecule (Kang et al., 2017). The FTIR results show the 
intermolecular interactions among the chemical components of the nanoparticles, 
emphasizing their strong interaction and compatibility.
3.2.1. Release profile of trans-cinnamaldehyde
TCIN release profiles were evaluated in vitro using two different pH values 
as a function of time. The temperature used during the test (35 ºC) was chosen to 
resemble ideal microbial growth conditions. F2 and F4 PLGA nanoparticles 
presented TCIN release profiles dependent on the environmental pH and on the 
presence of CHIT (Fig. 3). The release of the active compound from the PLGA 
nanoparticles is dependent on several factors, including its affinity for the PLGA, 
the shell wall thickness, diffusion through the polymer shell, polymer hydrolysis, 
and PLGA swelling degree (Hill et al., 2013; Zigoneanu et al., 2008). Furthermore, 
changes in particle solubility due to the functional groups present in its surface 
were also determined.
The release of TCIN from PLGA nanoparticles presented an initial burst 
effect for the first 1.5 h. During this period at pH 4.0, F4 particle presented the 
highest initial burst release, reaching almost 60% of the TCIN’s amount originally 
present in the sample. After 0.5 h, the amount of TCIN released by F4 particle was 
45% higher (p = 0.02) than by F2 particle at pH 4.0. In general, the burst effect can 
be explained by the release of the TCIN located close or attached to the particle 
shell surface (Zigoneanu et al., 2008). At a pH below its pKa, CHIT chains are 
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protonated, increasing its solubility and leading to swelling and erosion of the 
chains, which contribute to the fast release rate (Huang et al., 2017).
Figure 3.
After 2 h, F4 nanoparticles reached levels 25 and 30% higher than F2 
nanoparticles at pH 4.0 (p = 0.00) and 6.5 (p = 0.00), respectively; indicating that 
the presence of CHIT layer accelerated TCIN release at both pH values. This can 
be explained by the higher hydrophilicity of CHIT compared to PLGA. Therefore, 
the buffer solution diffuses easily into the CHIT matrix and interacts closely with 
PVOH and PLGA chains, promoting their swelling and increasing the erosion rate, 
which changes the particle structure and consequently facilitates diffusion of the 
trapped compound from the particle core (Jain et al., 2010; Khanal et al., 2016). 
Consequently, nanoparticles with a CHIT layer were able to release higher TCIN 
levels.
After the initial burst, the cumulative amount of TCIN released by the 
nanoparticles was further increased, although the release rates decreased 
considerably. As the majority of the TCIN is originally present in the particle core’s 
internal regions, after the initial burst the release rate decreases, since the active 
compounds need to travel longer routes through the polymer matrix (Gomes et al., 
2011). After 4 h, F2 nanoparticles at pH 6.5 presented a steady state release 




As PLGA’s degradation is a slow process, the swelling of its chains in 
solution along the surface erosion increased the diffusion rate, consequently 
increasing the amount of released TCIN (Fredenberg et al., 2011). This can be 
clearly observed after 12 h, when F4 nanoparticles reached the highest (p = 0.00) 
cumulative TCIN release, regardless of the medium’s pH. On the other hand, the 
highest (p = 0.00) cumulative TCIN release of F2 nanoparticles was reached after 
24 h at pH 4.0. This indicates CHIT layer contribution to the hydration, swelling, 
and erosion of PLGA chains, as discussed before.
After 12 h, F4 nanoparticles started to gradually decline the cumulative 
TCIN released until the end of the test period (72 h). F2 particles also showed a 
gradual reduction at pH 4.0, but it started just after 24 h. Without the CHIT layer, 
longer times were needed for TCIN release to start decreasing, but CHIT allowed 
nanoparticles to release higher TCIN levels throughout the testing time, as can be 
observed for F4 particles at both pH values compared to F2 particles. This 
indicates that CHIT enhanced the release capability of PLGA particles.
The higher decrease presented by the nanoparticles at pH 4.0 can be 
related to the degradation of TCIN in suspension. Similar behaviour was observed 
by Pereira et al. (2015) when testing the controlled release of Guabiroba 
(Campomanesia xanthocarpa O. Berg) fruit extract from PLGA nanoparticles. 
According to the authors, the gradual decline until 72 h was related to the 
degradation of the active compound after its release. On the other hand, after 72 h, 
the amount of TCIN released from F2 particles at pH 6.5 was 20% higher (p = 
0.00) than that at pH 4.0, indicating that close to neutrality PLGA particles were 
able to keep TCIN stable for longer periods of time. These results indicate that the 
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PLGA nanoparticles developed in the present study showed different release 
profiles depending on the environmental pH and composition, and that release can 
be triggered and enhanced with pH-sensitive polymers, such as chitosan. From a 
food application perspective, the release of a food preservative in function of a 
change in the food environment allows for the reduction of direct food additive 
levels in food products. These changes induced by chemical or biological 
alterations can be used to trigger the release of a specific additive when it is 
needed, and consequently ensuring food safety and food quality.
3.2.2. Antimicrobial activity
The MIC of encapsulated TCIN was lower than that of free TCIN for both S. 
Typhimurium and S. aureus (Table 3). Moreover, the PLGA nanoparticles 
containing both TCIN and CHIT presented even lower MIC values. F2 and F4 
nanoparticles reduced by 16 and 32 times, respectively; the TCIN concentration 
required to inhibit the growth of both microorganisms when comparing with free 
TCIN. Nanoparticles without TCIN (F1 and F3) did not show any antimicrobial 
effect against the tested bacteria. Also, no bactericidal effect was found for any of 
the optimized PLGA nanoparticles in the tested concentrations. Free TCIN 
presented bactericidal effect against both bacteria at 1024 µg·ml-1. Positive 




It is believed that TCIN’s mechanism of inhibition is mainly related to cell 
membrane damage. Recently, Zhang, Liu, Wang, Jiang, and Quek (2016) 
demonstrated that TCIN interacts with the cell membrane, compromising its 
integrity and increasing its permeability, therefore, it promotes leakage of inner cell 
materials (e.g., proteins and nucleic acids) and eventually leads to death. The MIC 
values found in this study are close to those previously reported by Hill et al. (2013) 
with TCIN MIC values of 400 and 500 mg·ml-1 for S. Typhimurium and Listeria 
monocytogenes, respectively.
Clearly, the encapsulation of TCIN was determined to its effectiveness 
against both bacteria. A similar effect for other hydrophobic antimicrobials 
encapsulated using PLGA has been reported elsewhere (Hill et al., 2013; Oliveira 
et al. 2017; Silva et al., 2014). Moreover, the encapsulation in PLGA allows a more 
homogenous distribution of the hydrophobic antimicrobial compound within the 
hydrophilic medium (Ravichandran, Hettiarachchy, Ganesh, Ricke, & Singh, 2011). 
Furthermore, the encapsulation allows TCIN to be continuously released, whereas 
the smaller particle size increases the surface area that interacts with the bacterial 
cells (Gomes et al. 2011), enhancing TCIN efficiency. This continuous release is 
able to avoid TCIN agglomeration and globule formation since low quantities are 
released in the media.
Both microorganisms presented the same MIC, demonstrating that the 
developed PLGA nanoparticles are effective against both Gram-positive and Gram-
negative bacteria. Generally, the outer hydrophilic lipopolysaccharide membrane of 
Gram-negative bacteria tends to protect them against hydrophobic compounds like 
TCIN, enhancing their resistance; however, such behaviour was not observed in 
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the present work. Possibly, the surfactant and bioadhesive properties of PVOH 
increased TCIN interaction with cell membranes, reducing bacteria resistance even 
for Gram-negative cells (Oliveira et al., 2017; Stevanovic & Uskokovic, 2009). 
Furthermore, once the PLGA hydrolysis starts, lactic and glycolic acids are 
released. This decreases pH and consequently increases TCIN hydrophobic 
nature, and allows its easier partition into the cell lipid membrane and also to 
interact with hydrophobic regions of membrane proteins (Burt, 2004; Oliveira et al., 
2017).
As described previously, F4 nanoparticles, which contained CHIT in their 
surface, presented higher antimicrobial effect than F2 nanoparticles, indicating that 
CHIT increased the interaction with bacteria cell wall and protected the 
nanoparticles, performing a synergistic effect. According to Verheul, Amidi, van der 
Wal, van Riet, Jiskoot and Hennink (2008), the CHIT action over the microbial cell 
is based on an electrostatic attraction between the positively charged amino 
groups of CHIT and the negatively charged components of the bacterial cell wall. 
Moreover, Kong, Chen, Xing and Park (2010) stated that, depending on the 
environmental pH, the action of CHIT over the bacterial cell can be predominantly 
by electrostatic interactions (under pKa ~6.3) or by hydrophobic and chelating 
effects (at higher pHs), being the former the most effective and also the conditions 
tested here.
Besides the effect of CHIT over PLGA nanoparticles, enhancing their 
stability and interaction with bacterial cells, F4 nanoparticles also presented a 
higher release of TCIN than F2 at both pH values (Section 3.2.1). F4 nanoparticles’ 
initial burst release of TCIN was the highest among all nanoparticles, as well as the 
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TCIN amount released over 24 h, which are directly related to their higher 
antimicrobial activity. Possibly, the faster and continuous release of TCIN by F4 
particles within the first few hours increased the adaptation time required for 
bacterial growth, avoiding any kind of recovery mechanism by the bacteria, 
resulting in the bacteriostatic effect observed.
4. Conclusions
The best PLGA/TCIN/CHIT formulation (4.0% TCIN and 6.75% CHIT) was 
determined based on a CCD and desirability function approach. There were 
significant differences among the physicochemical properties of PLGA/TCIN 
nanoparticles with and without CHIT coverage. All nanoparticles containing TCIN 
showed an enhanced antimicrobial effect against Salmonella Typhimurium and 
Staphylococcus aureus, which was further enhanced (2-fold) with CHIT outer shell. 
These results are promising, since PLGA nanoparticles showed different release 
profiles depending on environmental pH and CHIT presence, demonstrating a 
potential pH-trigger mechanism for natural antimicrobial compounds release, as 
initially hypothesized in this study. These pH-responsive antimicrobial 
nanoparticles have a broad range of applications with practical use in different food 
systems, showing high potential in encapsulating several natural antimicrobial 
compounds for controlled delivery in food products. These particles have the 
potential to improve food safety and shelf-life by triggering antimicrobial release 




Cícero C. Pola would like to acknowledge the Minas Gerais State Research 
Foundation (FAPEMIG) fellowship (grant# BDS-00467-15). The authors would like 
to acknowledge FAPEMIG and CNPq for funding support. We also thank Dr. 
Payne, Texas A&M University (TAMU), for technical assistance with TEM analysis, 
and Dr. Paulo Silva (TAMU) for all assistance provided throughout this study.
Conflict of interest
The authors declare no competing financial interest.
References
Alqahtani, S., Simon, L., Astete, C. E., Alayoubi, A., Sylvester, P. W., Nazzal, S., 
Shen, Y., Xu, Z., Kaddoumi, A., & Sabliov, C. M. (2015). Cellular uptake, 
antioxidant and antiproliferative activity of entrapped α-tocopherol and γ-
tocotrienol in poly (lactic-co-glycolic) acid (PLGA) and chitosan covered 
PLGA nanoparticles (PLGA-Chi). Journal of Colloid and Interface Science, 
445, 243-251.
Astete, C. E., Dolliver, D., Whaley, M., Khachatryan, L., & Sabliov, C. M. (2011). 
Antioxidant Poly(lactic-co-glycolic) Acid Nanoparticles Made with α-
Tocopherol–Ascorbic Acid Surfactant. ACS Nano, 5(12), 9313-9325.
Astete, C. E., & Sabliov, C. M. (2006). Synthesis and characterization of PLGA 
nanoparticles. Journal of Biomaterials Science, Polymer Edition, 17(3), 247-
289.
Borel, T., & Sabliov, C. M. (2014). Nanodelivery of Bioactive Components for Food 
Applications: Types of Delivery Systems, Properties, and Their Effect on 
ADME Profiles and Toxicity of Nanoparticles. Annual Review of Food 
Science and Technology, 5(1), 197-213.
Burt, S. (2004). Essential oils: their antibacterial properties and potential 
applications in foods—a review. International Journal of Food Microbiology, 
94(3), 223-253.
CFR. (2016). Code of Federal Regulations, Title 21, Part 172.515. Food additives 
permitted for direct addition to food for human consuption: synthetic 
flavoring substances and adjuvants. 56-63. Retrieved from 
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=
812.20. In).
CLSI. (2012). Methods for dilution antimicrobial susceptibility test for bacteria that 




Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., & Préat, V. (2012). 
PLGA-based nanoparticles: An overview of biomedical applications. Journal 
of Controlled Release, 161(2), 505-522.
Derringer, G., & Suich, R. (1980). Simultaneous optimization of several reponse 
variables. Journal of Quality Technology, 12(4), 214-219.
Dussault, D., Vu, K. D., & Lacroix, M. (2014). In vitro evaluation of antimicrobial 
activities of various commercial essential oils, oleoresin and pure 
compounds against food pathogens and application in ham. Meat Science, 
96(1), 514-520.
Fredenberg, S., Wahlgren, M., Reslow, M., & Axelsson, A. (2011). The 
mechanisms of drug release in poly(lactic-co-glycolic acid)-based drug 
delivery systems—A review. International Journal of Pharmaceutics, 415(1), 
34-52.
Gomes, C., Moreira, R. G., & Castell-Perez, E. (2011). Poly (DL-lactide-co-
glycolide) (PLGA) Nanoparticles with Entrapped trans-Cinnamaldehyde and 
Eugenol for Antimicrobial Delivery Applications. Journal of Food Science, 
76(2), N16-N24.
Hill, L. E., Taylor, T. M., & Gomes, C. (2013). Antimicrobial Efficacy of Poly (DL-
lactide-co-glycolide) (PLGA) Nanoparticles with Entrapped Cinnamon Bark 
Extract against Listeria monocytogenes and Salmonella typhimurium. 
Journal of Food Science, 78(4), N626-N632.
Huang, W. F., Tsui, C. P., Tang, C. Y., Yang, M., & Gu, L. (2017). Surface charge 
switchable and pH-responsive chitosan/polymer core-shell composite 
nanoparticles for drug delivery application. Composites Part B: Engineering.
Iannitelli, A., Grande, R., Stefano, A. D., Giulio, M. D., Sozio, P., Bessa, L. J., 
Laserra, S., Paolini, C., Protasi, F., & Cellini, L. (2011). Potential 
Antibacterial Activity of Carvacrol-Loaded Poly(DL-lactide-co-glycolide) 
(PLGA) Nanoparticles against Microbial Biofilm. International Journal of 
Molecular Sciences, 12(8), 5039.
Ignjatović, N., Wu, V., Ajduković, Z., Mihajilov-Krstev, T., Uskoković, V., & 
Uskoković, D. (2016). Chitosan-PLGA polymer blends as coatings for 
hydroxyapatite nanoparticles and their effect on antimicrobial properties, 
osteoconductivity and regeneration of osseous tissues. Materials Science 
and Engineering: C, 60, 357-364.
Jain, G. K., Pathan, S. A., Akhter, S., Ahmad, N., Jain, N., Talegaonkar, S., Khar, 
R. K. & Ahmad, F. J. (2010). Mechanistic study of hydrolytic erosion and 
drug release behaviour of PLGA nanoparticles: influence of chitosan. 
Polymer Degradation and Stability, 95, 2360-2366.
Jalali, N., Trujillo-de Santiago, G., Motevalian, M., Karimi, M. Y., Chauhan, N. P. 
S., Habibi, Y., & Mozafari, M. (2016). Chitosan-functionalized poly(lactide-
co-glycolide) nanoparticles: breaking through the brain’s tight security 
gateway. Bioinspired, Biomimetic and Nanobiomaterials, 5(2), 74-84.
Kang, B.-S., Choi, J.-S., Lee, S.-E., Lee, J.-K., Kim, T.-H., Jang, W. S., 
Tunsirikongkon, A., Kim, J.-K., & Park, J.-S. (2017). Enhancing the in vitro 
anticancer activity of albendazole incorporated into chitosan-coated PLGA 
nanoparticles. Carbohydrate Polymers, 159, 39-47.
  
31
Khanal, S., Adhikari, U., Rijal, N., Bhattarai, S., Sankar, J., & Bhattarai, N. (2016). 
pH-Responsive PLGA Nanoparticle for Controlled Payload Delivery of 
Diclofenac Sodium. Journal of Functional Biomaterials, 7(3), 21.
Kittur, F. S., Harish Prashanth, K. V., Udaya Sankar, K., & Tharanathan, R. N. 
(2002). Characterization of chitin, chitosan and their carboxymethyl 
derivatives by differential scanning calorimetry. Carbohydrate Polymers, 
49(2), 185-193.
Kong, M., Chen, X. G., Xing, K., & Park, H. J. (2010). Antimicrobial properties of 
chitosan and mode of action: A state of the art review. International Journal 
of Food Microbiology, 144(1), 51-63.
Larrauri, J. A., Rupérez, P., & Saura-Calixto, F. (1997). Effect of Drying 
Temperature on the Stability of Polyphenols and Antioxidant Activity of Red 
Grape Pomace Peels. Journal of Agricultural and Food Chemistry, 45(4), 
1390-1393.
Li, Y.-q., Kong, D.-x., & Wu, H. (2013). Analysis and evaluation of essential oil 
components of cinnamon barks using GC–MS and FTIR spectroscopy. 
Industrial Crops and Products, 41, 269-278.
Long, J., Xu, E., Li, X., Wu, Z., Wang, F., Xu, X., Jin, Z., Jiao, A., & Zhan, X. 
(2016). Effect of chitosan molecular weight on the formation of chitosan–
pullulanase soluble complexes and their application in the immobilization of 
pullulanase onto Fe3O4–κ-carrageenan nanoparticles. Food Chemistry, 
202, 49-58.
Moghimi, R., Aliahmadi, A., & Rafati, H. (2017). Ultrasonic nanoemulsification of 
food grade trans-cinnamaldehyde: 1,8-Cineol and investigation of the 
mechanism of antibacterial activity. Ultrasonics Sonochemistry, 35, 415-421.
Moraes, A. R. F., Pola, C. C., Bilck, A. P., Yamashita, F., Tronto, J., Medeiros, E. 
A. A., & Soares, N. d. F. F. (2017). Starch, cellulose acetate and polyester 
biodegradable sheets: Effect of composition and processing conditions. 
Materials Science and Engineering: C, 78, 932-941.
Oliveira, D. A., Angonese, M., Ferreira, S. R. S., & Gomes, C. L. (2017). 
Nanoencapsulation of passion fruit by-products extracts for enhanced 
antimicrobial activity. Food and Bioproducts Processing, 104, 137-146.
Pereira, M. C., Hill, L. E., Zambiazi, R. C., Mertens-Talcott, S., Talcott, S., & 
Gomes, C. L. (2015). Nanoencapsulation of hydrophobic phytochemicals 
using poly (dl-lactide-co-glycolide) (PLGA) for antioxidant and antimicrobial 
delivery applications: Guabiroba fruit (Campomanesia xanthocarpa O. Berg) 
study. LWT - Food Science and Technology, 63(1), 100-107.
Ravichandran, M., Hettiarachchy, N. S., Ganesh, V., Ricke, S. C., & Singh, S. 
(2011). Enhancement of antimicrobial activities of naturally occurring 
phenolic compounds by nanoscale delivery against listeria monocytogenes, 
Escherichia coli o157:h7 and Salmonella Typhimurium in broth and chicken 
meat system. Journal of Food Safety, 31(4), 462-471.
Ribeiro-Santos, R., Andrade, M., Melo, N. R. d., & Sanches-Silva, A. (2017). Use 
of essential oils in active food packaging: Recent advances and future 
trends. Trends in Food Science & Technology, 61, 132-140.
Silva, L. M., Hill, L. E., Figueiredo, E., & Gomes, C. L. (2014). Delivery of 
phytochemicals of tropical fruit by-products using poly (dl-lactide-co-
  
32
glycolide) (PLGA) nanoparticles: Synthesis, characterization, and 
antimicrobial activity. Food Chemistry, 165, 362-370.
Simões, L. S., Madalena, D. A., Pinheiro, A. C., Teixeira, J. A., Vicente, A. A., & 
Ramos, Ó. L. (2017). Micro- and nano bio-based delivery systems for food 
applications: In vitro behavior. Advances in Colloid and Interface Science, 
243, 23-45.
Stevanovic, M., & Uskokovic, D. (2009). Poly(lactide-co-glycolide)-based Micro and 
Nanoparticles for the Controlled Drug Delivery of Vitamins. Current 
Nanoscience, 5(1), 1-14.
Sudhamani, S. R., Prasad, M. S., & Udaya Sankar, K. (2003). DSC and FTIR 
studies on Gellan and Polyvinyl alcohol (PVA) blend films. Food 
Hydrocolloids, 17(3), 245-250.
Taghavi, S., Ramezani, M., Alibolandi, M., Abnous, K., & Taghdisi, S. M. (2017). 
Chitosan-modified PLGA nanoparticles tagged with 5TR1 aptamer 
for in vivo tumor-targeted drug delivery. Cancer Letters, 400, 1-8.
Trif, M., Florian, P. E., Roseanu, A., Moisei, M., Craciunescu, O., Astete, C. E., & 
Sabliov, C. M. (2015). Cytotoxicity and intracellular fate of PLGA and 
chitosan-coated PLGA nanoparticles in Madin–Darby bovine kidney (MDBK) 
and human colorectal adenocarcinoma (Colo 205) cells. Journal of 
Biomedical Materials Research Part A, 103(11), 3599-3611.
Verheul, R. J., Amidi, M., van der Wal, S., van Riet, E., Jiskoot, W., & Hennink, W. 
E. (2008). Synthesis, characterization and in vitro biological properties of O-
methyl free N,N,N-trimethylated chitosan. Biomaterials, 29(27), 3642-3649.
Zhang, Y., Liu, X., Wang, Y., Jiang, P., & Quek, S. (2016). Antibacterial activity and 
mechanism of cinnamon essential oil against Escherichia coli and 
Staphylococcus aureus. Food Control, 59, 282-289.
Zigoneanu, I. G., Astete, C. E., & Sabliov, C. M. (2008). Nanoparticles with 
entrapped α-tocopherol: synthesis, characterization, and controlled release. 
Nanotechnology, 19(10), 105606.
Zou, P., Yang, X., Wang, J., Li, Y., Yu, H., Zhang, Y., & Liu, G. (2016). Advances in 
characterisation and biological activities of chitosan and chitosan 




Figure 1. Response surface plots of (a) entrapment efficiency (%) and (b) particle 
size (nm) as functions of trans-cinnamaldehyde (TCIN) and chitosan (CHIT) 
contents (%, wt.). Only the significant (p < 0.05) coefficients were used to plot the 
response surfaces. Desirability surfaces (c) as functions of TCIN and CHIT 
concentrations for simultaneous optimization of entrapment efficiency (EE) and 
size of PLGA/trans-cinnamaldehyde (TCIN)/chitosan (CHIT) nanoparticles 
formulation.
Figure 2. (a) TEM images of PLGA nanoparticles (F1), PLGA-trans-
cinnamaldehyde (TCIN) nanoparticles (F2), PLGA/chitosan (CHIT) nanoparticles 
(F3), and PLGA/TCIN/CHIT particles (F4) at pH 4.0, using 140,000 x magnification 
and 80 kV. (b) DSC thermograms of pure trans-cinnamaldehyde (Free TCIN, ), 
pure chitosan (CHIT, ), unloaded PLGA nanoparticle (F1, ), PLGA/TCIN (F2, 
), PLGA/CHIT (F3, ), and PLGA/TCIN/CHIT nanoparticles (F4, ). (c) 
FTIR-ATR spectra of unloaded PLGA nanoparticles (F1, ), PLGA/TCIN (F2, 
), PLGA/CHIT (F3, ), and PLGA/TCIN/CHIT nanoparticles (F4, ).
Figure 3. trans-cinnamaldehyde (TCIN) released from: F4 PLGA nanoparticles 
(PLGA/TCIN/CHIT) at pH 4.0 ( ); F4 PLGA nanoparticles (PLGA/TCIN/CHIT) at 
pH 6.5 ( ); F2 PLGA nanoparticles (PLGA/TCIN) at pH 4.0 ( ); and F2 PLGA 









Table 1. PLGA/TCIN/CHIT particle formulations according to Central Composite 
Design and the characterization results.
TCIN (% wt.)b CHIT (% wt.)b
TRTa
Uncoded (Coded) Uncoded (Coded)
EE (%)c Size (nm) PDId Zeta (mV)e
1 8 (-1) 2.5 (-1) 12.66 364.83 0.18 +23.67
8 16 (0) 8.5 (+1.141) 14.15 363.15 0.21 +29.73
10 (C) 16 (0) 5 (0) 15.71 378.50 0.17 +19.90
9 (C) 16 (0) 5 (0) 17.39 468.15 0.22 +27.37
13 (C) 16 (0) 5 (0) 14.40 396.13 0.19 +18.13
2 24 (-1) 2.5 (-1) 11.60 391.80 0.20 +25.06
3 8 (1) 7.5 (+1) 19.12 330.65 0.20 +26.40
11 (C) 16 (0) 5 (0) 18.44 441.13 0.20 +36.03
12 (C) 16 (0) 5 (0) 19.96 394.3 0.22 +36.60
6 28 (+1.141) 5 (0) 15.37 510.97 0.21 +33.00
7 16 (0) 1.5 (-1.141) 11.77 313.20 0.16 +20.63
5 4 (-1.141) 5 (0) 24.70 327.35 0.13 +24.93
4 24 (+1) 7.5 (+1) 17.64 462.95 0.20 +30.80
aTRT = treatment; C is the central point. bCoded values correspond to the CCD 
theoretical levels; Uncoded values are concentration values calculated based on 
PLGA weight. cEntrapment efficiency. dPolydispersity index. eZeta potential values 
were acquired in acetate buffered saline solution at pH 4.0.
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Table 2. Comparison of optimized nanoparticles composition, size (nm), 
polydispersity index (PDI), and zeta potential (mV) at pH 4 and 6.5.





(%, wt.)* pH 4.0 pH 6.5 pH 4.0 pH 6.5 pH 4.0 pH 6.5
F1 0 0 - 229.1 ± 3.9ªA 223.7 ± 5.5ªA 0.12 ± 0.01ªA 0.09 ± 0.01ªB -1.27 ± 0.38ªA -1.19 ± 0.09ªA
F2 4 0 42.87 ± 2.57a 246.2 ± 7.9bA 242.8 ± 7.7ªA 0.13 ± 0.01ªA 0.10 ± 0.04ªA -2.10 ± 0.61ªA -0.76 ± 0.04ªA
F3 0 6.75 - 292.9 ± 6.8cA 278.0 ± 11.3bB 0.15 ± 0.01ªA 0.20 ± 0.01bB 7.26 ± 0.48bA 0.39 ± 0.08ªB
F4 4 6.75 33.20 ± 0.85b 295.0 ± 5.2cA 277.3 ± 3.1bB 0.16 ± 0.01ªA 0.15 ± 0.02bA 9.54 ± 2.02cA 0.19 ± 0.32ªB
†Treatments: unloaded PLGA nanoparticles (F1); PLGA with 4% (wt.) of TCIN (F2); 
PLGA with 6.75% (wt.) of CHIT; and the optimized particle, i.e., PLGA with 4% 
(wt.) of TCIN and 6.75% (wt.) of CHIT (F4). *Based on PLGA weight. a-c, A-B Mean 
value ± standard deviation followed by different lowercase letters within the same 
column and different uppercase letters within the same row for each response 




Table 3. Minimum inhibitory and bacterial concentrations (MIC and MBC, 
respectively) against Salmonella Typhimurium and Staphylococcus aureus for free 
TCIN and optimized PLGA nanoparticles.
MIC (µg·ml-1)a MBC (µg·ml-1)aTreatment
S. Typhimurium S. aureus S. Typhimurium S. aureus
Free TCIN 512 512 1024 1024
 F1b > 8192 > 8192 > 8192 > 8192
F2 ~32 ~32 > 64 > 64
 F3b > 8192 > 8192 > 8192 > 8192
F4 ~16 ~16 > 64 > 64
aValues are the lowest concentration of free TCIN and optimized PLGA 
nanoparticles from three independent replicates at which a ≤ 0.05 OD at 630 nm 
change was determined after 24 h incubation at 35°C in tryptic soy broth. bBoth 
concentrations of F1 and F3 are based on the weight of optimized nanoparticles, 
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 PLGA/CHIT/TCIN nanoparticles were successfully produced and optimized
 PLGA/CHIT/TCIN optimized composition was 4% of TCIN and 6.75% of 
CHIT 
 PLGA/CHIT nanoparticles showed pH-dependent controlled release
 PLGA/CHIT nanoparticles enhanced antimicrobial effect against Salmonella 
and Staphylococcus. 
